Phosphorus in soil can be divided into organic P (bonded to C in some way) and inorganic P Pierzynski et al., 2005 Phosphonates differ from other organic P forms because they have a direct C-P bond (not an ester bond through O). These have the structure RP(O)(OH) 2 and include 2-aminoethyl phosphonic acid (AEP), antibiotics such as fosfomycin, and agricultural chemicals such as the herbicide glyphosate [N-(phosphonomethyl)glycine]. Organic polyphosphates such as nicotinamide adenosine dinucleotide phosphate (NADP) and adenosine tripolyphosphate (ATP) contain both monoester and polyphosphate groups. Many methods have been developed to characterize soil P. The most commonly used are simple sequential fractionation methods such as the Hedley method (Hedley et al., 1982; Cross and Schlesinger, 1995; Condron and Newman, 2011) . These methods are operational only, however, measuring P pools based on solubility in various extractants, and do not determine specific inorganic or organic P forms (Negassa and Leinweber, 2009; Condron and Newman, 2011) . In addition, in these fractionation schemes it is customary to refer to the P measured colorimetrically without digestion as "inorganic P", and the difference between total P and "inorganic P" as "organic P". This is not completely accurate, however: although colorimetric analysis does measure inorganic P, it does not measure total inorganic P. Instead, it only determines the orthophosphate that can react with the color reagent. Thus, the complex inorganic P forms (pyrophosphate and polyphosphate) will be included with organic P, although they do not contain C (Condron and Newman, 2011) . Orthophosphate that is bound up in solution so that it cannot react with the color reagent (e.g., colloidal P) will also be included with organic P. Also, the low pH required for colorimetric analysis may degrade organic P and polyphosphates, releasing orthophosphate (e.g., Monaghan and Ruttenberg, 1999) . The more correct terms for these P pools are molybdate-reactive P (MRP) and molybdate-unreactive P (MUP) (Haygarth and Sharpley, 2000) .
Full chemical speciation to identify specific P forms requires either extraction for individual forms (e.g., for phospholipids or RNA) or advanced spectroscopic techniques such as 31 P NMR spectroscopy or x-ray adsorption near-edge structure (XANES) spectroscopy (e.g., Kizewski et al., 2011; Doolette and Smernik, 2011) . The XANES spectroscopy (P K-edge or P L 2,3 -edge) has been most successfully used to characterize inorganic P forms and has been used to identify Ca-bound P (e.g., hydroxyapatite and octocalcium phosphate), Fe-bound P (e.g., strengite), and Al-bound P (e.g., variscite) in soil samples (e.g., Kizewski et al., 2011, and references therein) . It has been less successful, however, for organic P forms. Solution 31 P NMR has been widely used to characterize organic P forms, with nearly 140 published soil science studies since the first study on the use of 31 P NMR in soil science (Newman and Tate, 1980) . In 2005, two reviews were published on 31 P NMR in environmental studies, including soil science. The objective of the first review (CadeMenun, 2005a) was to explain 31 P NMR (solution and solid state) to environmental scientists who might be unfamiliar with the technique and included tables categorizing the 31 P NMR research on environmental samples to that point (e.g., forest soils, agricultural soils, manure, aquatic ecosystems, etc.). The second review (Cade-Menun, 2005b ) discussed in more detail the requirements for a successful 31 P NMR experiment with environmental samples, including specific warnings on the use of appropriate experimental parameters to ensure quantitative results. Both reviews discussed future research needs for 31 P NMR experiments, including more standardization of methods among research groups.
Since the publication of these reviews, nearly 70 new studies have been published on 31 P NMR in soil science-half of all published studies in this field (Tables 1 and 2 ). Many of these papers have incorporated the suggestions of Cade-Menun (2005a , 2005b . Of note is the standardization of extraction methods among research groups, which has enabled more comparisons of results among research groups than were possible with early studies. However, we have observed that not all parts of the 31 P NMR experimental procedure have been standardized among research groups; after a somewhat standardized soil extraction, each research group using solution 31 P NMR redissolves the extracted samples differently and analyzes the samples with different experimental parameters. In some cases, the choice of methods and experimental parameters may significantly alter the outcome of the 31 P NMR experiment and may, in turn, affect the ability to compare results among research groups. To date, however, there has not been a detailed discussion of how experimental parameters may affect experimental outcomes or detailed studies comparing the effects of parameters.
This review covers newer 31 P NMR studies, focusing specifically on soil science studies, including wetland soils. The objectives are: (i) to catalog the studies published since the 2005 reviews by Cade-Menun, noting in particular the experimental parameters used by each research group; (ii) to discuss these experimental parameters, noting how choices in sample preparation and analysis can affect the outcome of 31 P NMR analysis; and (iii) to provide suggestions for future research needs and a list of recommendations for successful 31 P NMR experiments. Although two-dimensional 31 P-1 H studies of soil extracts have been published recently Vincent et al., 2013) , this review focuses on one-dimensional 31 P NMR studies because this is the predominant technique in use for soil science.
It is beyond the scope of this review to fully explain NMR spectroscopy. More detailed descriptions are available in other reviews (Cade-Menun, 2005a , 2005b or in textbooks (e.g., Keeler, 2005; Claridge, 2009) .
Phosphorus compounds (both organic and inorganic) of interest in studies of soil generally fall within a chemical shift range of 25 and −25 ppm (Fig. 1 ). These include: phosphonates at 7 to 20 ppm; orthophosphate at ?6 ppm; orthophosphate monoesters at 3 to 6 and 6 to 7 ppm; orthophosphate diesters at 2.5 to −3 ppm; pyrophosphate at −5 ppm; and polyphosphate from −5 to −20 ppm. It should be noted that these P forms, except orthophosphate, would fall into MUP during colorimetric analysis; thus, colorimetry has been used to screen extraction procedures for 31 P NMR by looking for procedures that specifically increase MUP concentrations (e.g., Turner, 2008) .
There are three major considerations for obtaining meaningful 31 P NMR data: (i) sample preparation, (ii) the NMR experiment, and (iii) data analysis. The first two are examined below because they are critically important to obtaining good data. Some aspects of the third are discussed below, but a critical examination is left for a future review.
PRePARInG SAMPLeS fOR THe eXPeRIMenT extractants
Solution 31 P NMR requires liquid samples. As such, soils must be extracted before analysis. The ideal extractant will remove the highest percentage of organic and complex inorganic P forms, because these are the forms for which solution 31 P NMR analysis is most appropriate, while minimizing artifacts from the degradation of these P forms. The ideal extractant will also extract some paramagnetic ions such as Fe and Mn, because these will increase signal relaxation rates and lower the delay times needed between pulses, but should not extract such high concentrations of paramagnetic ions that relaxation is too fast, causing line broadening (see the section on delay times below for more information).
There has been a wide range of extractants used in previous studies (Cade-Menun 2005a , 2005b . Comparisons of extractants within a single study (e.g., Cade-Menun and Preston, 1996; Cade-Menun et al., 2002; Briceño et al., 2006) clearly He et al. (2008) cropland (manure, fertilizer, control) Alabama air dried Koukol et al. (2008) fungi, forest floor material Czech Republic oven dried (60°C) Turner (2008) forest Panama field moist, air dried
show that the choice of extractant will influence the P forms seen with 31 P NMR. Without standardization of extraction methods, it is difficult to compare the results of different studies. Since 2005, the majority of studies have used NaOHethylenediaminetetraacetic acid (EDTA) (0.25 mol L −1 NaOH plus 0.05 mol L −1 Na 2 EDTA) to extract P for 31 P NMR (Tables  3 and 4) . There are only a handful of exceptions: 0.1 mol L −1 NaOH plus 0.4 mol L −1 NaF (Lehmann et al., 2005; Rückamp et al., 2010; Kovalev and Kovaleva, 2011); water (McDowell and Stewart, 2005) ; water followed by 0.4 mol L −1 NaOH (Shafqat et al., 2009) ; 0.5 mol L −1 NaOH after sequential fractionation with 0.5 mol L −1 NaHCO 3 and 1.0 mol L −1 HCl, using only the NaOH fraction for 31 P NMR (Turner et al., 2006b ); NaOH-EDTA after water and 0.5 mol L −1 NaHCO 3 , analyzing all fractions by 31 P NMR (He et al., 2008) ; and HCl followed by NaOH and then the cation exchange resin Chelex (Briceño et al., 2006; Redel et al., 2011) . Only Briceño et al. (2006) compared their extraction technique directly to NaOH-EDTA; however, it must be noted that samples in their study were extracted with NaOH-EDTA only once but were extracted three times with NaOH. This may account for the higher concentration of P recovered by the HCl-NaOH-Chelex method. In our opinion, further tests of the HCl-NaOH-Chelex method are warranted. Please note that it is not our intention to imply that NaOH-EDTA is the best extractant for 31 P NMR for all soils; however, a baseline is required to determine if other methods are indeed improvements. Because it has been so widely used, NaOH-EDTA is a good baseline for comparison.
Pre-and Post-extraction Treatments
The majority of studies use a single extraction with NaOH-EDTA for 31 P NMR (Tables 3 and 4) ; however, a few studies have Young et al. (2013) riparian soil Vermont air dried used pre-and post-extraction treatments to improve P recovery or to remove paramagnetic ions to improve the signal/noise (S/N) ratio of the spectra. The most widely used pretreatment is to extract the soil sample with water plus an anion exchange membrane (AEM) or resin before extraction with NaOH-EDTA (Colpo Gatiboni et al., 2005; Bol et al., 2006; Turrion et al., 2010; Cheesman et al., 2010a Cheesman et al., , 2010b . The AEM will remove orthophosphate but can also remove some organic P forms (Cheesman et al., 2010c) . Some researchers El-Rifai et al., 2008; Hamdan et al., 2012) treated soils with HF before extraction with NaOH-EDTA. This reduced the total P by up to 86% and selectively removed a number of P forms. The specific P forms removed varied among the soil samples. Turner et al. (2012) used bromination before NaOH-EDTA extraction to destroy all P forms except inositol phosphates. Other pretreatments in use are HCl (Briceño et al., 2006; Redel et al., 2011 ) and water and/or NaHCO 3 as part of a sequential fractionation (Turner et al., 2006b; He et al., 2008) . Using 31 P NMR, He et al. (2008) showed that the P in the NaHCO 3 extracts was 93 to 100% orthophosphate, as were the low concentrations of P in water used before NaHCO 3 in that study. Turner (2008) tested pretreatment of a tropical soil with HCl at different concentrations or Na 2 EDTA before NaOH-EDTA extraction. He reported that all pretreatments removed MUP and MRP, with the Na 2 EDTA pretreatment significantly reducing MUP in the subsequent NaOH-EDTA extract. Varying concentrations of Fe and Mn were also removed with pretreatment, but their removal had no effect on the concentrations of Fe and Mn in the subsequent NaOH-EDTA extracts. It should be noted that Turner (2008) did not use 31 P NMR to determine the effects of these pretreatments on P forms in NMR spectra; testing was done only with inductively coupled plasma optical emission spectroscopy (ICP-OES) and colorimetric analysis. After extraction, samples are usually centrifuged to remove solid materials (Tables 3 and 4 ). Some researchers also filter the supernatant through 0.2-mm membrane filters (Lehmann et al., 2005) , 0.45-mm membrane filters (Backnäs et al., 2012) , Whatman no. 41 or 42 filter paper Dougherty et al., 2007; Doolette et al., 2009 Doolette et al., , 2011a Doolette et al., , 2011b Dou et al., 2009; Ohno et al., 2011) , or Whatman GF/F filters (McDowell et al., 2007a (McDowell et al., , 2007b Koopmans et al., 2007) . Lehmann et al. (2005) and Bol et al. (2006) dialyzed their extracts (12,000-14,000 Da molecular weight cut-off ) to concentrate organic P forms and remove orthophosphate. A number of researchers also have treated their samples in various ways to remove paramagnetic ions. The most common method was with Chelex-100 (Colpo Gatiboni et al., 2005; Briceño et al., 2006; Turner, 2008; Redel et al., 2011; Turrion et al., 2010) . Turner (2008) reported that Chelex treatment removed various P forms compared with NaOH-EDTA alone, as was also reported by Cade-Menun et al. (2002) . Other methods have been tested to precipitate paramagnetic ions from extracts: Ding et al. (2010) used the organic precipitant 8-hydroxyquinoline on lake sediments, manure, and a single soil sample, while used Na 2 S on two temperate forest soil samples. The testing of these precipitation methods has been too limited in scope to recommend these procedures for all soil extracts; more testing is advised.
Physical State of the Soil Sample
The physical state of samples during extraction is shown in Tables 1 and 2. The majority of studies used air-dried soils (e.g., Lehmann et al., 2005; Smith et al., 2006; Cade-Menun et al., 2010; Soinne et al., 2011; Turner and Blackwell, 2013) . A few studies used soils that were oven dried at various temperatures (e.g., Turner 2006; Bol et al., 2006) , while others extracted fieldmoist soils (Briceño et al., 2006; Turner, 2008; Hill and CadeMenun, 2009; Doolette et al., 2010 Doolette et al., , 2011b Redel et al., 2011) . Wetland soils were extracted field moist (Sundareshwar et al., 2009) or after oven drying at various temperatures (El-Rifai et al., 2008; Cheesman et al., 2010b; Hamdan et al., 2012) , air drying , or after freezing and freeze-drying (Turner et al., 2006a) .
There have been few tests to determine the effects of the physical state of the sample on 31 P NMR spectra. Turner et al. (2007b) tested extracted wetland samples that were fresh (refrigerated overnight), air dried (30°C, 10 d), frozen and freeze-dried, and oven dried overnight (105°C), while Turner (2008) compared P and metals from a tropical forest soil extracted air dry or field moist. There were significant changes in P concentrations and P forms in spectra with the different treatments, but the changes were inconsistent and sample specific. This is in agreement with similar tests performed by Cade-Menun et al. (2005) on marine particulates. These results suggest that researchers should be careful to extract all samples within a study in the same physical state and should use caution when comparing their results to studies of samples extracted in a different physical state.
Only one study (Lehmann et al., 2005) reported extracting samples under N 2 . This may be an important consideration for wetland soils collected under suboxic or anoxic conditions because oxidizing them during extraction could alter P forms.
extraction Times
The majority of studies used a 16-h extraction time (Tables 3 and 4) ; Hill and Cade-Menun (2009) used 8 h, while a few other studies used 4 h (e.g., Turner and Newman, 2005; McDowell et al., 2007a; Cheesman et al., 2010a Cheesman et al., , 2012 Engelbrecht, 2011). Turner (2008) assessed the effects of times of 1, 4, and 16 h on NaOH-EDTA extracts of a tropical forest soil and showed a small increase in total P and MUP from 1 to 4 h and an increase in total P and MRP, but not MUP, from 4 to 16 h. Turner (2008) did not use 31 P NMR to assess these changes, but an increase in total P but not MUP suggests an increase in orthophosphate only. The effect of extraction time on the degradation of either natural P forms in soil or P forms added Turner (2008) NaOH-EDTA various various various various no yes † Pretreatment of sample before main extractant. ‡ Treatment of extract before freeze-drying. § Ratio of soil (g) to extractant solution (mL). ¶ EDTA, ethylenediaminetetraacetic acid. # AER, anion exchange resin. † † n.i., no information provided in the published study. ‡ ‡ Various methods listed in the published study.
to soil has not been assessed, but shorter extractions may be less likely to degrade samples than longer extractions.
Soil/extractant Ratio
The soil/extractant ratio of 1:20 used by Cade-Menun and Preston (1996) was used by the majority of studies (Tables 3 and  4) , and this reference was widely cited to support the use of this ratio for mineral and organic soils. It must be noted, however, that Cade-Menun and Preston (1996) did not use this ratio for mineral soil; instead, their study used highly organic (50% C; 98% loss-on-ignition) forest floor material that was very absorbent. For mineral soil, Cade-Menun et al. (2000a , 2000b tested and used a ratio of 1:10. In a study of a tropical soil, Turner (2008) observed that increasing the soil/extractant ratio (i.e., less soil, more extractant) increased MRP but not MUP and also increased the OH − concentration; however, these samples were not examined with 31 P NMR so the effects on spectra are unknown. For low-P soils, Doolette et al. (2010) reported that a ratio of 1:10 improved P recovery and the spectral S/N ratio compared with a 1:20 ratio. They did not indicate, however, if recovery of both organic P and Young et al. (2013) NaOH-EDTA no no 4 1:15 no yes † Pretreatment of sample before main extractant. ‡ Treatment of extract before freeze-drying. § Ratio of soil (g) to extractant solution (mL). ¶ EDTA, ethylenediaminetetraacetic acid. # Various methods listed in the published study. † † AEM, anion exchange membrane. ‡ ‡ n.i., no information provided in the published study.
orthophosphate was improved. A range of soil/solution ratios has been used when extracting samples for 31 P NMR: 1:5 (Lehmann et al., 2005; Bol et al., 2006; Rückamp et al., 2010) ; 1:7 (Doolette et al., 2009) ; 1:10 (e.g., Colpo Gatiboni et al., 2005; Bünemann et al., 2008c; Sundareshwar et al., 2009; Turrion et al., 2010; Doolette et al., 2010; Backnäs et al., 2012) ; 1:15 Hill and Cade-Menun, 2009); and 1:20 (e.g., McDowell et al., 2005; Doolette et al., 2009; Vincent et al., 2010) . We would advise researchers to test soil/extractant ratios for their own soils to determine the ratio that maximizes the extraction of MUP. Be aware, however, that too much extractant will lead to large amounts of extractant material concentrated into the NMR samples, potentially leading to higher sample viscosity and affecting the NMR experimental parameters (issues discussed below).
Phosphorus Recovery and Phosphorus in Residues
The reported recoveries of total P by extraction for 31 P NMR ranged from 2 to 100% and generally were highest for soils with high total P from amendments such as manure and lowest for high-pH soils (pH >8.0 in water) or in unamended soils with very low total P concentrations (e.g., McDowell et al., , 2007a Bünemann et al., 2008c; Doolette et al., 2009; Dou et al., 2009) . The majority of studies extracted samples only once; however, some reported repeated extractions of residues (e.g., Bol et al., 2006; Briceño et al., 2006; McDowell and Koopmans, 2006) . Extracting residues a second time with the same extractant and combining extracts for 31 P NMR may improve P recovery and NMR spectra for soils with low recovery rates with a single extraction; we have found this to be helpful with high-pH soils (unpublished data, 2012). However, we recommend keeping the extraction times short (we used a 2-h extraction followed by a 4-h extraction) and testing to be sure that this does not introduce artifacts from degradation.
Few studies have examined soil residues after extraction for 31 P NMR to determine the unextracted P forms. He et al. (2008) used an HCl extraction after a sequential extraction using water, NaHCO 3 , and NaOH-EDTA, and analyzed the HCl extracts with 31 P NMR. More than 90% of total P was extracted before HCl extraction, and this residual P was shown to be only orthophosphate. Cade-Menun et al. (2005) used solid-state 31 P NMR to characterize P in three marine particulate samples before and after NaOH-EDTA extraction. The P recovery with NaOH-EDTA from these calcareous samples was 32 to 36%, which is similar to reports for calcareous soils (e.g., Turner et al., 2003a) . Solid-state 31 P NMR showed that NaOH-EDTA removed the majority of orthophosphate monoesters and diesters but only a variable portion of phosphonates (39-67%). The majority of P remaining in the residues was orthophosphate. Further testing with soil samples is required to determine the P forms remaining in residues after extraction for 31 P NMR.
Degradation
As noted above, the ideal extractant will remove the highest percentage of soil organic P while minimizing artifacts from the degradation of these P forms. In light of this, extractants and preand post-extraction treatments must be evaluated not only with regard to the concentration of P extracted or the S/N ratio of the spectra but also with regard to changes in peaks, especially the disappearance of peaks for orthophosphate diesters and the appearance of peaks for degradation products. As such, although colorimetric techniques and ICP-OES can be used to screen extractants and treatments, the final evaluation of a method must be based on 31 P NMR to assess the effects of the extractant on P speciation. There are a number of published spectra that suggest degradation after extraction, pretreatment, or posttreatment. For example, in the study of Briceño et al. (2006) , multiple peaks for orthophosphate diesters were observed in the spectra for NaOH-EDTA extracts but were not visible in HClNaOH-Chelex extracts. In the study of Vestergren et al. (2012) , the orthophosphate diester peaks visible in the untreated spectra were absent in the Na 2 S-treated spectra.
It is widely recognized that some P forms, particularly orthophosphate diesters such as phospholipids and RNA, are prone to degradation under the conditions commonly used for 31 P NMR (e.g., Turner et al., 2003b; Doolette et al., 2009) . The degradation peaks of RNA have been identified as mononucleotides, such as adenosine monophosphate (Turner et al., 2003b; Vestergren et al., 2012) . Phospholipids have been shown to degrade to peaks that were originally identified as glycerophosphate and phosphatidic acid by Turner et al. (2003b) but which were subsequently identified by Doolette et al. (2009) as a-and b-glycerophosphate. Turner et al. (2003b) also suggested that choline phosphate and ethanolamine phosphate were degradation products of phospholipids, but this has not been supported by other researchers. Although a range of phospholipids and lipoteichoic acids are possible in soils and could potentially be identified by 31 P NMR (e.g., Makarov et al., 2002) , results to date suggest that these all degrade to a-and b-glycerophosphate only (e.g., Young et al., 2013) . Further study is needed to confirm if this is indeed the case.
Some researchers (e.g., Noack et al., 2012; have decided that degradation is inevitable and thus extract and analyze their samples so that only degradation products remain. We have several concerns about this. First, insufficient evidence is available to know if glycerophosphate and mononucleotides exist naturally in soils or only as degradation compounds. Vestergren et al. (2012) stated that cellular metabolite mononucleotides have phosphate in the 5¢ position, while RNA hydrolysis forms the 2¢ and 3¢ isomers, and suggested that this can be used to distinguish metabolites extracted from living cells from degradation products. To date, however, the 2¢, 3¢, and 5¢ metabolites have been distinguished in soil extracts only with two-dimensional NMR and not the more commonly used one-dimensional NMR experiments. Our second concern is about the degradation of phospholipids to glycerophosphates: if only two peaks are formed from a wider range of phospholipids, valuable information about the forms and cycling of phospholipids in soils could be lost if samples are degraded during 31 P NMR analysis. We feel that these concerns warrant further investigation into the factors that are most likely to cause degradation during 31 P NMR experiments and the procedures, if any, that can be used to minimize this degradation.
concentrating extracts
To maximize the P concentration in the NMR tube, extracts are usually concentrated before 31 P NMR spectroscopy. The exception is the study of Sundareshwar et al. (2009) , who used unconcentrated extracts. It must be noted, however, that using unconcentrated extracts required the collection of 112,000 scans per sample. Assuming that the acquisition time (not given by the researchers) was 0.4 s and the delay time (given) was 2.1 s, at 2.5 s per scan each experiment would take 78 h, which is far more time than most researchers have available to them for a single NMR experiment.
Before 2005, a number of methods were used to concentrate samples, including freeze-drying, evaporation under a stream of N 2 at 40°C, and rotary evaporation (Cade-Menun, 2005a , 2005b , and references therein). Since 2005, only freeze-drying has been used to concentrate samples. There have not been any reported tests of the effects of freeze-drying on P forms in soil extracts. For river water samples, Cade-Menun et al. (2006) reported that freeze-drying NaOH-EDTA extracts containing tripolyphosphate degraded the tripolyphosphate to orthophosphate and pyrophosphate. When the extracts were neutralized to pH 7, however, there was almost no degradation. Polyphosphates are rarely reported in 31 P NMR spectra of soil samples, while pyrophosphate is common. Tests are required to determine if polyphosphates are indeed rare in most soil samples or if freeze-drying soil extracts at high pH is causing degradation of polyphosphates to orthophosphate and pyrophosphate. If this degradation is occurring, it could account for the discrepancies between 31 P NMR and colorimetry for measuring phosphate that were observed by Turner et al. (2006b) .
Dissolving Samples for Spectroscopy
As noted above, solution 31 P NMR requires liquid samples. Thus, freeze-dried soil extracts must be dissolved before analysis. The size of the NMR probe will dictate the volume of dissolved sample: 0.5 to 1 mL for a 5-mm probe and 2 to 3 mL for a 10-mm probe. It will also dictate the amount of freeze-dried extract that can be dissolved (less for 5-than 10-mm tubes).
Deuterium is used as a signal lock in the spectrometer, and the majority of studies since 2005 have added deuterium by dissolving their samples in deuterium oxide (D 2 O; Tables 5  and 6 ). There is little standardization among research groups in the methods for dissolving extracts. Those in use include D 2 O alone (e.g., Briceño et al., 2006; El-Rifai et al., 2008; Turrion et al., 2010; Vestergren et al., 2012) ; sodium deuteroxide (NaOD) alone (e.g., Lehmann et al., 2005; Bol et al., 2006) or NaOD with D 2 O (e.g., Shafqat et al., 2009 ); water plus D 2 O (e.g., Smernik and Dougherty, 2007; Doolette et al., 2009 Doolette et al., , 2010 Doolette et al., , 2011a Doolette et al., , 2011b ; D 2 O plus NaOH-EDTA (e.g., Colpo Gatiboni et al., 2005; Turner et al., , 2007b Murphy et al., 2009; Cheesman et al., 2012) ; D 2 O plus 1 mol L −1 NaOH (e.g., Koopmans et al., 2007; Dou et al., 2009; Ding et al., 2010) ; D 2 O plus 10 mol L −1 NaOH (e.g., Smith et al., 2006; Zhang et al., 2012) ; and D 2 O plus NaOH-EDTA plus 10 mol L −1 NaOH (e.g., He et al., 2008; Hill and Cade-Menun, 2009; Cade-Menun et al., 2010) . This wide range of solvents is of concern because sample preparation will affect the P forms seen with 31 P NMR. This can be seen in Fig. 2B and 2C, which show the same NaOH-EDTA extract divided into two subsamples after freeze-drying. The first subsample was dissolved in D 2 O and water (Fig. 2B) , while the second was dissolved in D 2 O, NaOH-EDTA and 10 mol L −1 NaOH (Fig. 2C ). Both were analyzed by 31 P NMR with the same parameters. It is clear from this figure that the combination of solvents affects peak position. For example, the P2 peak of myoinositol hexakisphosphate (the peak marked with an asterisk closest to the orthophosphate peak) is clearly separated from orthophosphate in the subsample prepared with D 2 O, NaOH-EDTA, and 10 mol L −1 NaOH (Fig. 2C) in the sample dissolved in D 2 O and water (Fig. 2B ). This can also be observed in studies using these various techniques (e.g., Doolette et al., 2009 Doolette et al., , 2010 Doolette et al., , 2011a Doolette et al., , 2011b Cade-Menun et al., 2010) and requires an adjustment in the calculation of phytate peak areas for samples where the P2 peak may not be present (e.g., Doolette et al., 2011b) . The positions of other peaks are also different, which can affect peak identification.
As was noted by Cade-Menun (2005a , 2005b , increasing the pH to >12 is necessary for optimal peak separation. Many researchers have indicated that the pH of their samples was >12; however, none have indicated how that pH was measured. It is important to note that pH cannot be accurately measured at high pH in high-Na solutions with a simple glass electrode due to the "alkaline error" or "Na error" (Covington, 1985; Vogelzang, 1985, p. 18) . The high Na concentration of redissolved freezedried NaOH-EDTA extracts requires a special pH electrode to accurately measure pH >12; as such, it is possible that the reported sample pH values are not accurate. Samples dissolved in D 2 O alone may not be at a high enough pH for optimal peak separation, as observed in published spectra (e.g., Briceño et al., 2006; Sundareshwar et al., 2009 ).
Sample viscosity is another concern. As noted by CadeMenun (2005a CadeMenun ( , 2005b , care should be taken to keep the sample from becoming too viscous, which will increase line broadening and thus decrease the ability to differentiate peak resonances from one another. Sample viscosity could arise from any number of situations, although the most likely is attempting to dissolve too much freeze-dried extracted material into too small a sample volume. This is of particular concern for those utilizing 5-mm NMR probes, which hold smaller sample volumes. Sample viscosity could also be inherent in the extracted material, such as those high in salts or organic matter. Published spectra from samples that appear to have been too viscous include those of Shafqat et al. (2009) and the untreated NaOH-EDTA extracts of Vestergren et al. (2012) . In our experience, a sample that is too viscous will be very difficult to shim in the experimental setup, and the line broadening from a sample that is too viscous will be obvious with only 200 to 300 scans. We recommend stopping the NMR experiment and diluting the sample rather than continuing analysis.
About half of the recently published soil 31 P NMR studies have reported centrifuging (e.g., Briceño et al., 2006; He et al., 2008; Ding et al., 2010; Soinne et al., 2011; Hamdan et al., 2012) or filtering prepared samples before putting them into the NMR tube; the remainder have simply dissolved the samples and placed them into NMR tubes (Tables  3 and 4 ). In our opinion, dissolving freeze-dried NaOH-EDTA extracts, particularly with high-pH solvents such as NaOH or NaOH-EDTA, may cause the formation of fine particulates. These can increase line broadening if they are in the NMR tube; as such, we recommend centrifuging or filtering all prepared samples before NMR analysis.
Internal Standards
A relatively recent trend is the use of methylene diphosphonic acid (MDP) as an internal standard (Tables 5 and 6 ). There is a lack of standardization among research groups in the use of this standard. Some research groups have used it in a capillary tube inserted into the NMR tube (e.g., Koopmans et al., 2007; McDowell and Koopmans, 2006) , some added it directly to the soil extract (50-60 mg P kg −1 soil) before freeze-drying (e.g., Turner, 2008; Vincent et al., 2010 Vincent et al., , 2012 Cheesman et al., 2010a Cheesman et al., , 2010b Turner and Engelbrecht, 2011; Vestergren et al., 2012; Turner and Blackwell, 2008) , while others have added it to the freeze-dried extract (0.1 mL of 5.5 g L −1 solution) when preparing the extract for 31 P NMR analysis (e.g., Doolette et al., 2009 Doolette et al., , 2010 Doolette et al., , 2011a Doolette et al., , 2011b . Some have used MDP as a chemical shift reference at 18.1 ppm (e.g., Koopmans et al., 2003 Koopmans et al., , 2007 or 17.5 ppm (e.g., Vincent et al., 2010) , while others have used compounds such as b-glycerophosphate (e.g., Doolette et al., 2009) or external H 3 PO 4 to reference the chemical shift and have just reported the chemical shift of MDP as it appeared in the sample, which can range from 16.8 to 18 ppm (e.g., Cheesman et al., 2010c) . If MDP is to be used as a chemical shift reference, it is clear that some consensus needs to be reached as to its chemical shift.
Additionally, some research groups have used the added MDP to convert the relative signal intensities observed to absolute P concentrations as a replacement of measuring the P concentration in the NMR tube by ICP-OES (e.g., Doolette et al., 2011b) .
It has not been investigated whether the concentration of MDP is unaffected when it is added to the extract before freeze-drying, to the extract after freeze-drying, or to the NMR sample after centrifuging out particulates from resuspended, freeze-dried extract, etc. This is less of an issue if MDP is strictly used as a chemical shift reference but relevant for its use as a concentration standard. Of more concern about the use of MDP are the very high concentrations used in 31 P NMR samples; for all studies showing spectra with an MDP peak, the MDP peak is the largest peak in the spectrum and is often twice the height of any other peak. This can distort the spectrum, particularly any nearby peaks, as can be clearly seen in the spectra of Hamdan et al. (2012) , and skew quantifying the sample P content. Ideally the level of MDP used should be on the same order of magnitude as the peaks in the sample. Unfortunately, it is difficult to judge the concentration of MDP needed when it is added before sample analysis. Ideally, the P concentration in the NMR tube should be known before sample analysis; MDP can then be added at an appropriate concentration, either directly to the sample or in a capillary tube. Using a capillary tube allows the concentration of MDP to be easily reduced if needed.
The use of MDP is an evolving method for 31 P NMR analysis. It has the potential to become a viable internal reference and concentration standard as its use is refined with time. Until then, the use of MDP should complement, not supplant, the established technique of directly measuring the sample P content by ICP-OES, which can also give important additional information on the paramagnetic ion concentration.
Summary of Sample Preparation
The wide range of soil chemical properties suggests that no single extraction procedure for 31 P NMR may be perfect for all soils. Researchers are encouraged to test various methods to optimize the conditions for their own soils. Initial tests can be done colorimetrically; an ideal extractant procedure will maximize the extraction of MUP even if there is incomplete recovery of total P. The optimal extraction will also recover some paramagnetic ions to reduce the delay times required for 31 P NMR experiments. After initial colorimetric tests, tests must also be conducted with 31 P NMR, using exactly the same experimental parameters during comparison. In addition to optimizing extraction procedures, we also encourage testing sample preparation procedures to optimize those as well, including the use of MDP as an internal standard.
For all extractions, including pre-and post-treatments, it is important to remember that some orthophosphate diesters can be degraded to orthophosphate monoesters, producing artifacts in the subsequent 31 P NMR spectra. This degradation may be increased by the number of extraction steps; as such, all procedures should be carefully tested to ensure that they do indeed improve spectral resolution and do not increase degradation of sensitive P forms such as orthophosphate diesters. More research is needed into the factors contributing to degradation and ways to minimize degradation in each step of sample analysis.
eXPeRIMenTAL PARAMeTeRS
The one-dimensional NMR experiment executed for the majority of soil solution-state 31 P NMR studies is a straightforward single-pulse experiment: first, a pre-acquisition delay time, then a 31 P radio-frequency (RF) pulse, and finally an acquisition time to record the free-induction decay of the 31 P nuclei resonances. The sequence is repeated a great number of times for signal averaging to increase the signal intensity (for a schematic and more details, see Cade-Menun, 2005a , 2005b . Proton decoupling may or may not be applied during the experiment depending on implementation. Despite the simplicity of the experiment, there are important considerations for each parameter that can impact results.
Delay Times and Pulse Lengths
In a 31 P NMR experiment, after nuclei are excited by the RF pulse, they relax back to equilibrium by exchanging energy with their surroundings or with each other during the acquisition time and pre-acquisition delay. The sum of the acquisition time and pre-acquisition delay is often referred to as the relaxation, or recycle, delay because this is the time when nuclei relax, or recycle, back to the equilibrium state. The most relevant relaxation process is governed by the exponential time constant T 1 . Relaxation is important for quantitative data: if the nuclei do not relax back to equilibrium between pulses, with time the peak intensities will not reflect the full population of nuclei within each P form in the sample.
A properly executed 31 P NMR experiment requires a sufficiently long recycle delay between pulses for quantitative measurement. There is important interplay between the applied RF pulse and the T 1 relaxation times of the P nuclei. A 90° RF pulse provides maximum signal per pulse from equilibrium but requires the longest recycle delay between pulses for magnetization to return to equilibrium. Optimally this should be five times the longest T 1 of the P resonances in a sample to ensure that spins have returned ³99% to equilibrium. Recycle delays equal to three times T 1 have spin populations returned to 95% of equilibrium, two times T 1 only to 86% of equilibrium, and one times T 1 only to 63% of equilibrium. Shorter RF pulses require less time for magnetization to return to equilibrium; for example, a 45° RF pulse would require 4 ´ T 1 for magnetization to return to ³99% equilibrium, while a 30° pulse would require 3 ´ T 1 to return to equilibrium. The advantage of shorter pulses is the ability to pulse faster, but the tradeoff is that the signal per pulse is reduced. These would not be issues if all P resonances in a sample relaxed with the same T 1 times because any pulse angle and recycle delay selected would affect each spin population proportionally. However, T 1 values can vary dramatically among P resonances; thus, improperly selected recycle delay times will affect quantifying P compounds.
The other important parameter is the duration (length or flip angle) of the RF pulse of the NMR experiment. Using an appropriately calibrated 31 P pulse length is important both for measuring T 1 delays and properly executing 31 P NMR experiments. We recommend calibrating 31 P pulse lengths on a properly tuned NMR probe using either an actual soil extract sample or a test sample of a similar extract and buffer composition. Pulse lengths are very sensitive to solution conditions and tend to be much longer for high-ionic-strength (salty) samples like soil extracts. Hence, it may be inappropriate to unquestionably use "standard" pulse length calibration values reported by an NMR facility, because many typical "standard" samples are very different in composition (e.g., low in salt or prepared in organic solvents), or to perform pulse length calibrations on a sample that does not mimic the solution conditions of the target sample type.
Pulse width calibrations may be important for studies using a variety of extractants in a single study, such as with sequential extraction (e.g., He et al., 2008) ; separate pulse length determinations and different delay times might have been required for each extract, although this was not tested for that study.
We are concerned about many of the reported delay times used in recent 31 P NMR experiments (Tables 5 and 6 ) because these may not be long enough to collect quantitative data. There have been only a few published studies measuring T 1 in P forms in soil extracts. Newman and Tate (1980) reported T 1 values of 2 to 3 s for various P forms in NaOH extracts of mineral soils. Cade-Menun et al. (2002) determined the T 1 values of a number of P compounds in forest floor and mineral soil extracted with NaOH-EDTA, NaOH plus Chelex, and NaOH alone. The measured T 1 values ranged from 0.206 to 1.3 s for the forest floor sample in various extractants and from 0.33 to 3.1 s for the mineral soil extracts. As such, the recommended 5 ´ T 1 recycle delays for these samples, using a 90° pulse, would be 6.5 s (5 ´ 1.3 s) for the forest floor samples to 15.5 s (5 ´ 3.1 s) for the mineral soil extract treated with Chelex; the longer delay time was required for the Chelex-treated mineral soil because Chelex removed a higher concentration of paramagnetic ions than the other extractants. Using a 45° pulse would require recycle delays of 5.2 and 12.4 s for these samples, respectively, while a 30° pulse would require recycle delays of 3.9 and 9.3 s. More recently, McDowell et al. (2006) Delay times should be based on the peaks with the longest T 1 in an individual sample; thus, for the soils in this study, delays of 3.7 to 9.7 s were needed for quantitative 31 P NMR of the soil samples using a 90° pulse, while delays of 29 s were needed for the manure and epiphyte samples. also noted a relationship between T 1 and the ratio of P concentration relative to the concentrations of Fe and Mn [P/(Fe + Mn)] in 31 P NMR extracts. They suggested that this value could be used to estimate the T 1 required for an NMR experiment. They also noted that the T 1 values reported by Cade-Menun et al. (2002) were shorter than those measured in their study because Cade-Menun et al. (2002) used samples that were very high in Fe and Mn, and measured T 1 at 30°C rather than the 20 to 25°C used by most researchers for 31 P NMR experiments. These conditions will result in faster relaxation times than for most soil extracts.
The reported delay times in use in the studies reviewed here ranged from 0.2 s with a 30° pulse (Colpo Gatiboni et al., 2005; Rückamp et al., 2010) to 65 s with a 90° pulse (Bünemann et al., 2008a (Bünemann et al., , 2008c . Only a handful of studies reported measuring T 1 for their samples, although they did not necessarily report the measured T 1 values (Lehmann et al., 2005; Smernik and Dougherty, 2007; Dougherty et al., 2007; Doolette et al., 2009 Doolette et al., , 2010 Doolette et al., , 2011a Doolette et al., , 2011b Bünemann et al., 2008a Bünemann et al., , 2008b Bünemann et al., , 2008c Hamdan et al., 2012) or used the ratio of P/(Fe + Mn) established by . While there have been detailed examinations of extractants and various preand post-treatments (e.g., Briceño et al., 2006; Turner, 2008) , these studies did not assess whether any changes in the NMR parameters such as delay times might also be needed, although Cade-Menun et al. (2002) clearly showed that the choice of extractant will affect T 1 .
We are concerned by current studies still citing CadeMenun et al. (2002) to justify using delay times of 2 s or less (e.g., Murphy et al., 2009; Backnäs et al., 2012; Turner et al., 2012; Turner and Blackwell, 2013) because these researchers did not also cite the more recent study by and did not include measures of T 1 to justify the short recycle delays. In general, we are concerned that 31 P NMR experiments using a delay time of 2 s or less have not produced quantitative results. We are particularly concerned by studies using delay times of 1 s or less regardless of the pulse angle because these studies have not included any measures of T 1 or any other justification for these extremely short delay times. For example, Cheesman et al. (2010a) used a 1.4-s delay (0.4-s acquisition, 1.0-s acquisition delay) with a 30° pulse for 31 P NMR analysis of systems they described as "low in Fe." This would be appropriate for a T 1 of 0.47, which is the lowest T 1 reported by , for orthophosphate in an Fe-rich soil sample. Based on , this delay is not long enough even for orthophosphate in low-Fe samples, but Cheesman et al. (2010a) provided no justification for this short delay. They also reported a lack of distinction in the relative proportions of P forms identified across the landscape, raising the concern that the lack of difference originated from the short delay times used. Further analysis is required to demonstrate that the lack of difference in P forms is not an artifact of the analytical conditions for this and similar experiments.
In summary, we recommend careful calibration of pulse lengths and determination of T 1 values for representative soil extract samples or comparable test samples before actual 31 P NMR experiments to ensure that appropriate parameters are used. Additionally, publishing T 1 measurements would contribute to a better database of the range of T 1 values for the sample types under which they were measured. Using delay times shorter than 2 s is questionable without justification based on analysis of either T 1 values (preferred) or the ratio of P/(Fe + Mn) in the extracts.
Proton Decoupling
Decoupling is a method by which a sample undergoing NMR analysis is irradiated to eliminate the effect of coupling to other NMR-active nuclei, usually from protons (H), and is typically done to simplify the spectra for peak identification. For 13 C NMR, most C nuclei are bonded to protons, and each of the 13 C peaks is split based on how many protons are bound to each C nucleus. The splitting patterns from proton-coupled 13 C NMR spectra, although informative, can result in very complex spectra with multiple peaks of one C nucleus overlapping peaks of other C nuclei. Decoupling the proton coupling eliminates this splitting, produces a single peak for each C nucleus, and dramatically simplifies 13 C spectra. Additionally, the S/N ratio is improved by combining the intensity of the previously split peaks of a C nucleus together under the single decoupled peak.
Proton decoupling in 31 P NMR will also simplify spectral interpretation, but careful consideration should be given to its implementation and its need. Before 2005, about half of 31 P NMR experiments used proton decoupling. Since 2005, the majority of studies have used decoupling (Tables 5 and 6 ). Although it is commonly accepted to utilize proton decoupling, it must be applied properly. A key concern is sample heating: the RF power used to decouple protons is widely recognized to heat the sample (Keeler, 2005; Claridge, 2009) , a problem that is particularly severe in high-ionic-strength samples and at higher frequenciesthe very conditions encountered for 31 P NMR of extracted soil samples. Because this heat is generated within the sample itself, it is difficult to control by NMR spectrometer temperature control units. This heating can be sufficient to denature proteins in a sample (e.g., Claridge, 2009 ) if not applied properly and thus would also be a concern for sample degradation in 31 P NMR. Similar to the calibration of 31 P pulse widths, high-ionic-strength samples also affect (to a greater degree) the tuning of the proton channel of the NMR probe and the calibration of the proton pulse width needed for decoupling. Probe tuning and pulse calibrations obtained on a "standard" NMR facility sample will probably not reflect the actual conditions of soil extract samples. These calibrations need to be performed on a characteristic soil or test sample. To reduce sample heating and improve spectral quantification, composite-pulse decoupling should be used (vs. continuous-wave decoupling) and applied only during the 31 P pulse and acquisition times (inverse gated, as opposed to decoupling continuously throughout the entire experiment).
Proton decoupling is not necessarily a requirement for 31 P NMR of soil extract samples, however. We have not used proton decoupling for any 31 P NMR analysis since 2000 out of concerns about sample degradation and do not believe that this has negatively impacted any of our analyses. The P nuclei in the natural P compounds of interest are not directly bonded to protons. Whereas C-proton single-bond couplings result in larger peak splitting, P-proton couplings are two or more bonds away, resulting in much smaller peak splitting. In our experience, this rarely causes overlap with other peaks. For sharp, wellresolved 31 P spectra, proton decoupling can result in S/N ratio gains by collapsing split peaks into single peaks of combined intensity, but often the nature of the extracted soil samples results in spectra with broader lines that do not gain a lot from collapsing peak splittings.
Proton decoupling can also hide important information, because peak splittings can be diagnostic for identifying P compound types. For example, Smernik and Dougherty (2007) and Doolette et al. (2009) have suggested that many studies have incorrectly identified glycerophosphate peaks as myo-inositol hexakisphosphate (IHP) peaks. While this may be true for spectra analyzed with decoupling, it is not possible for samples analyzed without decoupling-the shape and splitting of the peaks for these compounds is quite distinct. This is clear for the myo-IHP peaks shown in Fig. 2 (labeled *), which have a different splitting pattern from the peak for a-glycerophosphate (labeled A). The spectra are from a single extraction of soil with NaOH-EDTA, split into two samples after freeze-drying. One sample split was prepared in water plus D 2 O, as per Doolette et al. (2009) . This was analyzed with ( Fig. 2A) and without (Fig.  2B ) proton decoupling. The second sample split was dissolved in D 2 O, NaOH-EDTA, and NaOH (e.g., Cade-Menun et al., 2010) and was analyzed without decoupling (Fig. 2C) .
The spectra show that preparing the sample at higher pH minimizes splitting, which improved the S/N ratio relative to no decoupling in the split dissolved in water and D 2 O, but alters the chemical shifts of peaks. The same peaks can also be identified and quantified whether decoupling was used or not.
experiment Length and Sample Temperature
In the literature from 2005 to 2013 (Tables 5 and 6 ), the number of scans collected in experiments has ranged from approximately 1000 (McDowell and Koopmans, 2006; Koopmans et al., 2007; Doolette et al., 2010) to 112,000 (Sundareshwar et al., 2009) . As noted by Cade-Menun (2005a , 2005b , the number of scans is determined by the time required for each scan and the delay between scans, the concentration of P in the sample, the desired S/N ratio of the spectra, and the size of the probe. Due to the known risk of hydrolysis, especially for orthophosphate diesters, experiments should be kept as short as possible. To minimize degradation, we recommend that experiments be kept to 8 h or less based on our own observations. Given a choice, a 10-mm probe is preferred over a 5-mm probe because typically fewer scans are needed to achieve the same S/N ratio for experiments. Provided that the amount of sample is not limited, a greater amount of P-containing material can be analyzed at once in the 10-mm probe while also maintaining reasonable sample viscosity. Attempting to analyze the same amount of P-containing material in the smaller volume of a 5-mm probe can result in viscous samples, leading to line broadening, as discussed above. Ten-millimeter probes are not always available, however; 5-mm probes are generally more available in shared NMR facilities. Keeping in mind issues such as compound degradation and sample viscosity, collecting good data using 5-mm probes is also straightforward to accomplish. For cases where the P concentration may be low (e.g., the need to dilute a sample significantly to reduce sample viscosity), rather than run a single very long experiment to obtain a reasonable S/N ratio but risk sample degradation with time, it may be better to subdivide the sample, run shorter experiments on each fraction while preserving the non-run material at 4°C, and then add the resulting experiments together with NMR software. Care needs to be taken to ensure that each duplicate sample is treated the same way.
Sample temperature is also an important consideration but there are tradeoffs. Higher temperatures can sharpen the line widths of viscous samples but also increase the degree of sample degradation. Lower temperatures can help to preserve samples but at the cost of increasing sample viscosity and thus line widths. We suggest running samples at 20°C to strike a balance between sample degradation and sample viscosity.
Summary of experimental Parameters
The use of appropriate experimental parameters is essential for a successful 31 P NMR experiment. Access to NMR time is often limited and expensive; as such, care should be taken to get the best data out of each set of samples. Relying on the existing literature to determine delay times and pulse lengths may not be optimal given the diversity of soils studies and the range of extraction procedures used. Basic parameters should be tested for each soil type as well as each extraction condition; differences in both can affect the concentrations of P and paramagnetic ions, which in turn can affect NMR experimental parameters. Optimized 31 P NMR experimental parameters are as important as optimized extraction procedures; both should be carefully evaluated. For future publications of 31 P NMR experiments on soil samples, it would be most informative to the field at large for researchers to include the experimental parameters used (RF pulse angle, pre-acquisition delay, acquisition time, whether proton decoupling was used or not and what type, in addition to other relevant NMR experimental parameters such as spectral width, data points, and number of scans) but also the results of the tests to select the appropriate parameters (e.g., how pulse width and recycle delay times were calibrated). The outcome would be twofold: (i) it would instill confidence in the quantitative nature of the results; and (ii) it would contribute to the knowledge base of how different soils and extraction methods behave.
RecOMMenDATIOnS fOR A SUcceSSfUL eXPeRIMenT
1. Determine total P and total organic P in your soils before starting any 31 P NMR extractions. These relatively inexpensive techniques can be used to assess the feasibility of using 31 P NMR on your samples (e.g., samples with very low total organic P are poor candidates for 31 P NMR analysis), will help to guide the extraction protocol, and will give you information needed to calculate P recovery.
2. Optimize your extraction procedure for your specific sample type:
• Start with a simple NaOH-EDTA extraction. This method has been the most widely used and will allow you to directly compare your results with a wider range of other studies.
• If possible, test a range of physical sample conditions (field moist, oven dried, etc.). This may be particularly important for wetland soils.
• Test a range of soil/extractant ratios. Focus in particular on the samples at the extreme ends of total P content (e.g., highest and lowest total P).
• Test a range of extraction times. If longer extraction times do not significantly increase MUP in your samples, use the shortest time possible to minimize degradation.
• Analyze extracts by ICP-OES to determine the total P and paramagnetic ion concentrations in solution. Also, colorimetrically determine MRP in solution in order to determine MUP by difference (TP − MRP = MUP).
• If your total P recovery is low with a single NaOH-EDTA extraction, try extracting the residues with a second aliquot of NaOH-EDTA. Keep the aliquots small and the extraction times as short as possible.
• Evaluate the effectiveness of pre-and postextraction treatments only after optimizing the simple NaOH-EDTA extraction (soil/ extractant ratio, extraction times, and secondary extractions) for your samples.
• Assess the optimized extraction with 31 P NMR to confirm the effects of the optimized extraction conditions on the S/N ratio of the spectra and to assess the degradation of P forms.
3. For the actual 31 P NMR experiments (after extraction optimization):
• For samples of a single study of the same physical condition of a similar soil type, extract using the same optimized extractant procedures. Different sample types may have different optimized extraction procedures. For example, extraction of organic forest floor material may require different extraction procedures than mineral soil.
• Determine the total P and paramagnetic ion concentrations in all extracts and calculate the P/ (Fe + Mn) ratio for all samples.
• Limit the amount of freeze-dried material that is redissolved and intended for the NMR tube to minimize sample viscosity. Centrifuge and/ or filter the redissolved sample before placing it in the NMR tube to remove any precipitates or material that did not dissolve, which could increase line broadening.
• Ensure that the sample pH is >12 by testing with an appropriate pH electrode.
• If MDP is to be used as an internal standard, keep the amount added below the concentration of the highest P form in the sample and ensure that it does not distort any peaks in the phosphonate region. Inserting a capillary tube containing MDP will allow the concentration of MDP to be controlled more easily than adding it directly to the sample.
• If MDP is to be used as a chemical shift reference, then researchers should reach an agreement about its chemical shift and set the chemical shifts of their samples accordingly.
4. Optimize the 31 P NMR experimental parameters:
• Use at least one sample from each sample type or a representative test sample of similar solution conditions to calibrate 31 P RF pulse lengths on the spectrometer to be used.
• Ideally, measure T 1 values on one sample from each sample type or representative test sample to gauge the range of T 1 values of (stronger) peaks in the sample. A secondary option is to use the predetermined P/(Fe + Mn) ratio to estimate T 1 values for P forms (not just orthophosphate) in the samples with the highest and lowest ratios based on the literature. Set the pulse width and recycle delay (using the longest measured or estimated T 1 ) for the spectra to be fully quantitative.
• Include the determined T 1 values in any publications to help build a database of these important measurements for soil samples.
• Assess the sample viscosity and line broadening early in the 31 P NMR experiment; stop the experiment to dilute the sample if needed.
• To minimize sample heating, analyze samples without proton decoupling if possible. If proton decoupling is used, ensure that it is inverse gated and composite pulse.
• Maintain the experiment temperature at 20°C to minimize degradation.
• Keep the total experiment time short, if possible, to minimize degradation. If more scans are required to improve the S/N ratio, consider collecting them as two or more shorter experiments on multiple samples and add the experiments together later.
